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Abstract 
Hot deformation of a cast-homogenized ZK60 alloy was studied by compression at a temperature 
of 450°C and a strain rate of 0.001s
-1
 to investigate microstructural evolution. The deformed 
microstructure was characterized using electron backscatter diffraction (EBSD) and high 
resolution transmission electron microscopy (HRTEM). EBSD observations of the deformed 
microstructure showed that hot deformation of this alloy resulted in a bimodal grain 
microstructure consisting of large pancaked unrecrystallized dendrites surrounded by 
recrystallized equiaxed fine grains. HRTEM studies revealed the presence of nano-(Zn-Zr)-
precipitates in the deformed microstructure. Due to the coherency of precipitates/matrix, the 
2 
 
dislocations were pinned by the nano-precipitates inside the unrecrystallized grains and the 
dislocation motion inside the grains was impeded, hence, a substructure evolved. Consequently, 
dynamic recrystallization (DRX) was suppressed and deformation was concentrated inside the 
DRXed region. 
 
Keywords: Magnesium alloy; Dynamic Recrystallization; EBSD; HRTEM; Dislocation. 
 
1. Introduction 
Magnesium (Mg) is known to be the lightest structural metallic material. In addition to its low 
density, other attractive properties of Mg include high specific strength (σ/ρ) and specific 
stiffness (E/ρ), vibration absorption and good weldability and machinability [1]. As a result, Mg 
and its alloys are considered as potential replacements for aluminum and steel components in the 
automotive industry [2, 3]. However, due to its hexagonal crystal structure, Mg has poor 
formability at low temperatures which makes it mostly used to produce cast and non-critical 
automotive crash components. Most of the commercial Mg parts are produced using die casting 
route [3] and only about 10% of Mg components are in the form of wrought products [4]. Since 
the non-basal slip systems are activated at elevated temperatures [5], wrought magnesium 
products are fabricated at high temperatures. Moreover, dynamic recrystallization (DRX) is 
another beneficial microstructural phenomenon occurring at high temperatures [6]. Therefore, 
expansion of the application of wrought magnesium alloys requires a comprehensive 
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understanding of high temperature deformation behavior of the alloys along with the effect of 
deformation parameters and alloying elements on the microstructural evolution. 
Wrought Mg alloys mainly contain aluminum (Al), manganese (Mn) and zinc (Zn) as their main 
alloying elements [7]. Other alloying elements added to the main alloying systems include 
zirconium (Zr), lithium (Li), tin (Sn) and rare earth (RE) elements [8, 9]. Mg-Zn-Zr alloys have 
gained attention in the recent years due to their combined high strength and ductility. In this 
alloy system, Zn is added to improve the strength through solid solution strengthening and Zr 
acts as a grain refining element which also improves strength [10, 11]. Amongst different 
variants of this alloy system, ZK60 is the most commonly used [10]. Wrought ZK60 alloys 
possess the best combination of room temperature strength and ductility among the available 
wrought Mg alloys [12]. Moreover, this alloy is known to be a suitable alloy for hot deformation 
and fabrication of wrought products [13-22] where DRX dominates microstructural evolution 
during hot deformation [23-27]. However, various studies have reported a bimodal grain 
microstructure consisting of fine recrystallized grains and elongated unrecrystallized ones, which 
resulted from hot deformation of ZK60 alloy due to partial DRX [25-29]. Shahzad and Wanger 
[29] reported that the unrecrystallized grains were mainly enriched by Zr. This agrees with the 
observations made by Oh-ishi et al. [30] where addition of Zr to a Mg-Zn-Ag-Ca alloy led to the 
formation of a bimodal grain microstructure after hot extrusion of the alloy at 350°C. The 
authors contributed such a behavior to the suppression of DRX by the fine precipitates inside the 
grains.  
In a recent study, Hadadzadeh et al. [31] observed that even hot deformation of cast-
homogenized ZK60 alloy at 450°C resulted in a bimodal grain microstructure. It was observed 
that the alloy exhibited a rapid DRX at the beginning of hot deformation followed by a near-
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saturated DRX kinetics. It was concluded that among the reasons for such a behavior is the 
rotation of the c-axes inside the unrecrystallized grains towards the compression direction during 
hot deformation, which made these grains unfavorable for further deformation and DRX. The 
aim of the present study is to better understand the mechanism of DRX and bimodal grain 
microstructure evolution during hot deformation of cast-homogenized ZK60 alloy by studying 
the interactions between the dislocations and precipitates, while the previous study [31] mainly 
focused on texture evolution. Hot compression of a cast-homogenized ZK60 alloy was carried 
out at 450°C with a strain rate of 0.001s
-1
 to a final true strain of 1.0. The deformed 
microstructure was studied by electron backscatter diffraction (EBSD) and transmission electron 
microscopy (TEM). The recrystallized and unrecrystallized grains along with the precipitates 
were analyzed and the resistance of unrecrystallized grains to DRX was discussed. 
2. Experimental Procedure 
The material used in the current study was a commercially produced as-cast ZK60 with a 
chemical composition of Mg-5.4wt.%Zn-0.6wt.%Zr. The as-cast billets were received with a 
billet diameter of 305 mm. The current study was focused on samples taken from a radial 
position 120 mm away from the center of the billet. Due to incipient melting in the as-cast 
sample at ~337°C, the alloy was subjected to a homogenization heat treatment at 400°C for 4h, 
with a slow heating rate. The cast-homogenized ZK60 alloy is called CH-ZK60 hereafter. In 
order to analyze the precipitates in the alloy, a computational thermodynamics database, 
FactSage™ with the FTlite database [32] was utilized. Phase identification in the CH-ZK60 alloy 
was conducted using a PANalytical X-ray diffractometer (XRD) with Cu Kα radiation at 45 kV 
and 40 mA. The diffraction angle (2θ) ranged between 20° and 110° with a step size of 0.2° and 
10 s for each step. Microstructure of the CH-ZK60 alloy was studied using an optical microscope 
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(OM) and a scanning electron microscope (SEM) JSM-6380LV along with an Oxford energy 
dispersive X-ray spectroscopy (EDS) system. 
Hot deformation of CH-ZK60 alloy was conducted using a Gleeble
®
 3500 thermal-mechanical 
simulation testing system to a final true strain of 1.0 at 450°C with a strain rate of 0.001s
-1
. 
Details of these experiments can be found in [31]. The sample was immediately water quenched 
after compression to preserve the microstructure. The microstructure and microtexture of the 
deformed sample were studied along the compression axis at the mid-plane position using 
EBSD. EBSD measurements were performed using an Oxford integrated AZtecHKL advanced 
EBSD system with NordlysMax2 and AZtecSynergy along with a large area analytical silicon 
drift detector. The cast-homogenized and deformed microstructure was also studied using an FEI 
Osiris transmission electron microscope (TEM) equipped with a 200 keV X-FEG gun. The 
Super-EDS X-ray detection system combined with the high current density electron beam in the 
scanning mode (STEM) was also utilized to analyze the precipitates. Spatial resolutions in the 
order of 1 nm were obtained during EDS elemental mapping by using a sub-nanometer electron 
probe. Electron transparent samples for TEM characterization were prepared by initially cutting 
a <500 µm thick slice of the sample using a diamond wafering blade followed by punching 3 mm 
diameter disks with a Gatan puncher and by mechanical polishing of the disks to the thickness of 
approximately 80-90 µm. Dimpling was done using 4-6 µm CBN paste with a felt wheel and 
finished using alumina suspension down to about 10 µm at sample center. The final ion milling 
of the dimpled disk was done using a Gatan 691 PIPS with liquid nitrogen cooling at 5, 3, and 1 
keV and gun angle of 4
o





3.1. Microstructure of Cast-Homogenized ZK60 
Figure 1 shows the optical microstructure (OM) of CH-ZK60 alloy which consists of dendritic α-
Mg resulting from the casting route with an average grain size of ~100 µm, surrounded by 
interdendritic precipitates. Referring to the isopleth of Mg-0.6wt.%Zr-Zn system predicted by 
FactSage™ at the Mg-rich corner shown in Figure 2(a), the intermetallic phases formed during 
solidification of ZK60 alloy are MgZn2 and Zn2Zr, which were also confirmed by XRD phase 
identification, as shown in Figure 2(b). The same phases have been observed in ZK60 alloy in 
previous studies [33, 34]. The predicted amount of MgZn2 during solidification of ZK60 alloy is 
one order of magnitude higher than Zn2Zr (~6wt.% versus ~0.6wt.%). Therefore, the dark 
interdendritic phases observed in the OM of CH-ZK60 alloy are MgZn2 that did not dissolve 
completely during homogenization heat treatment. Figure 3 illustrates the typical SEM 
micrograph of the alloy along with one example of EDS analysis of the matrix and intermetallics 
and an EDS line scan from center to center of two adjacent dendrites. Referring to the Mg-Zr-Zn 
isopleth, Zr is not soluble in Mg. Therefore, in the intermetallics where Zr is present (Zn2Zr), Mg 
amount drops. The Zn2Zr intermetallics distributed as a discontinuous particles in the 
microstructure of CH-ZK60 alloy. Moreover, the central region of the dendrites was enriched by 
Zr, while the amount of Zn was typically higher at the interdendritic regions, referring to Figure 














Fig 2- (a) Mg-Zn-Zr isopleth predicted by FactSage™ with 0.6wt.%Zr and (b) XRD diffraction 










Fig 3- Typical SEM micrograph of CH-ZK60 with details of (a) EDS analysis of the 
intermetallic phases and the matrix and (b) EDS line scan between the centers of two adjacent 
dendrites. 
 
In addition to the micro-size intermetallic phases observed in OM and SEM micrographs, TEM 
analysis of the microstructure of CH-ZK60 revealed nano-size intermetallic phases. Figure 4 
shows the STEM bright field (STEM-BF) image of CH-ZK60 alloy along with STEM-EDS 
elemental mapping. Homogenization heat treatment of as-cast ZK60 alloy at 400°C led to the 
formation of rod-shaped nano-precipitates in the microstructure. The EDS mapping of the nano-
precipitates, in general, shows depletion of Mg inside the particles, while Zn and Zr were 
abundant (Figure 4(a)). Figure 4(b) shows details of one particle with a size of ~21 nm. The core 
of the particle is enriched by Zn and Zr, while by moving toward the edges Zr amount decreases, 
which is replaced by Mg. In other words, it seems a core-shell type structure exists where the 
core is Zn2Zr and the shell is MgZn2. Therefore, both Zn-Zr and Mg-Zn precipitates are found in 











Fig 4- (a) STEM-BF and EDS compositional mapping of CH-ZK60 alloy and (b) details of a 
nano-size intermetallic phase. 
 
3.2. Microstructure of Deformed CH-ZK60  
Figure 5(a) illustrates the inverse pole figure (IPF) map of the deformed CH-ZK60 sample while 
displaying the grain boundaries (GBs). The microstructure of the deformed CH-ZK60 at 
450°C/0.001s
-1
 exhibits a bimodal grain structure consisting of large pancaked unrecrystallized 
grains (dendrites) surrounded by recrystallized equiaxed fine grains. Such a bimodal 
microstructure resulting from hot deformation of ZK60 alloy was reported in the previous studies 
as well [25, 34, 35]. In the IPF map shown in Figure 5(a), high angle grain boundaries (HAGBs) 
are presented by thick lines and low angle grain boundaries (LAGBs) are shown by thin lines 
(some of the LAGBs are shown by arrows). As seen, LAGBs have developed significantly inside 
the unrecrystallized pancaked grains. It was shown in a previous study by Hadadzadeh et al. [31] 
that during hot deformation of CH-ZK60, DRX initiates from the grain boundaries and proceeds 
by continuing the deformation. In Figure 5(b), the recrystallized grains were identified based on 
their grain orientation spread (GOS) value and shown in highlighted color. As seen, there is a 
significant difference between the recrystallized and unrecrystallized grains in terms of both 
grain size and aspect ratio. While the average grain size of the recrystallized grains is ~9.8 µm, 
the length of the unrecrystallized grains can reach about 200-300 µm. The recrystallized fraction 





Fig 5- (a) EBSD IPF map of deformed CH-ZK60 at 450°C/0.001s
-1
 and (b) highlighted DRXed 
grains. HAGBs are shown by thick lines and LAGBs are represented by thin lines in the IPF map 
(some of the LAGBs are shown by arrows). Note that the IPF color key refers to IPF-Y (along 
the compression direction). CD represents the compression direction and RD shows the radial 
direction. 
 
Figure 6 shows the STEM-BF image of typical recrystallized and unrecrystallized grains. The 
presence of both fine and coarse precipitates in both types of grains is obvious. Similar to the 
observations from the EBSD map, the development of LAGBs in the unrecrystallized grains is 








Fig 6- STEM-BF image of a typical (a) DRXed and (b) unDRXed grain. 
 
3.3. Precipitate Characterization of Deformed CH-ZK60 
Figure 7 shows STEM high-angle annular dark-filed (HAADF) Z-contrast image, and EDS 
elemental mapping of deformed CH-ZK60. As seen in Figure 7(a), similar to the homogenized 
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sample prior to deformation, the precipitates are mainly fine Zn-Zr intermetallics. There are also 
larger precipitates (shown by red arrays in the HADDF image) where Zn-Zr compounds exist in 
the core surrounded by a Zn-rich solid solution region. As observed in Figure 7(b), there are 
locations in the deformed sample where precipitate-free zones (PFZ) formed at the grain 
boundaries with a width of about 400 nm. It seems that the formation of PFZ is due to depletion 
of Zr at the grain boundaries, as shown in the EDS line scan in Figure 3(b). Meanwhile, Zn can 
still be present in the PFZ since in solid solution with Mg. It is also noteworthy to point out the 
continuous film of Mg-Zn intermetallic formed over the grain boundary in the PFZ, as shown by 






Fig 7- HAADF and EDS compositional mapping of deformed CH-ZK60 (a) typical precipitation 




Figure 8 shows high resolution TEM image of a nano-(Zn-Zr)-precipitate located inside a grain. 
The precipitate has a rod shape and is coherent with the Mg matrix. Such a behavior of the 




Fig 8- HRTEM micrograph and FFT filtered micrograph on the right showing an almost perfect 
coherency of the atomic planes at the interface between Mg matrix and ZrZn2 precipitate. SAD 





4.1. Precipitation Behavior in the CH-ZK60 Alloy 
Homogenization of as-cast ZK60 at 400°C exposed the alloy above the solvus temperature, 
where MgZn2 precipitates should dissolve in the α-Mg matrix. However, due to the short time 
(4h), parts of the MgZn2 precipitates did not dissolve in the matrix. On the other hand, by 
dissolution of parts of MgZn2 in the matrix, more Zn was available to form Zn-Zr intermetallics 
at 400°C and the precipitates dispersed as fine particles throughout the microstructure. Since the 
sample after homogenization was water quenched, the equilibrium cooling condition was not 
achieved and Zn remained in the Zn-Zr intermetallics and did not form MgZn2 precipitates. 
Based on the thermodynamics calculations by FactSage™ and previous observations [10], the 
majority of Zn-Zr intermetallics are in the form of Zn2Zr.  
Due to slow diffusion of Zr in Mg, the core of α-Mg dendrites was enriched by Zr [29, 36], 
where the amount of this element  reached up to ~2wt.% at some points (in comparison with the 
equilibrium amount of 0.6wt.%), referring to the EDS line scan shown in Figure 3. Hot 
deformation of a Zr-rich α-Mg will affect the precipitation amount in the core of the dendrites. 
Figure 9 shows the effect of Zr amount (ranging from 0.6wt.% to 2.0wt.%) on the Mg-Zn-Zr 
isopleth, predicted by FactSage™. Increasing the Zr level from 0.6wt.% to 2.0wt.% increases the 
solvus temperature (where Zn2Zr intermetallic precipitates from α-Mg). On the other hand, at the 
core of the α-Mg where the amount of Zn was less than the equilibrium nominal composition 
(Figure 3), deformation of CH-ZK60 sample at 450°C occurred in the two-phase regime (α-
Mg+Zn2Zr). Figure 10 shows the predicted effect of Zr content on the amount of Zn2Zr at 450°C. 
Since the amount of Zn at the core of the dendrite was less than the equilibrium level, an average 
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amount of Zn=4.0wt.% was assumed to predict the results in Figure 10. As seen, by increasing 
the Zr amount from 0.6wt.% to 2.0wt.%, the amount of Zn2Zr increases from 0.28wt.% to 
1.5wt.% at 450°C. Therefore, Zn2Zr precipitates play an important role during deformation of Zr 
rich α-Mg at 450°C in terms of dislocation-precipitate interactions [30], which will be discussed 
in the coming section. 
 
 






Fig 10- Effect of Zr level on the amount of Zn2Zr in the Mg-Zn-Zr system at 450°C. 
 
4.2. Interactions between Nano-Precipitates and Dislocations 
High resolution STEM BF image of a typical recrystallized grain is shown in Figure 11. Figure 
12 shows the similar results for an unrecrystallized grain. As seen in Figure 11, numerous 
tangled-dislocations are observed inside the DRXed grain, while the dislocations inside the 
unrecrystallized grain are pinned by the nano-precipitates (Figure 12). The pinning effect of the 
nano-precipitates is mainly due to coherency of precipitates/matrix [37], as shown in Figure 8. 
To ensure the maximum dislocation contrast, a multi beam case was adjusted in [0001] zone axis 
to ensure that  ⃗ vector is not perpendicular to the burgers vector of the dislocations to make them 
invisible [38].  The density of dislocations was calculated using the procedure reported by 
Pesicka et al. [39]. To do that, square grid lines were superimposed on the micrograph and 
number of horizontal and vertical intersections of dislocations with lines ( hn  and vn , 
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respectively) were counted. In the next step, the total lengths of horizontal lines ( hL ) and 
vertical lines ( vL ) were measured. By knowing the thickness of the sample ( t ), the dislocation 


























  (1) 
 
The thickness of the sample (required for dislocation density measurement) was measured using 
EELS (electron-energy loss spectroscopy) log ratio technique [40]. The dislocation density inside 








. In other 
words, the density of dislocations inside the recrystallized grains is almost three times higher 
than that inside the unrecrystallized grains. This is due to the concentration of deformation in the 










Fig 12- STEM-BF image of an unrecrystallized grain and details of dislocations network inside 




Figure 13 shows the schematic representation of grain structure formation during hot 
compression of CH-ZK60 alloy. It was shown in a previous study [31] that hot deformation of 
CH-ZK60 alloy is controlled by discontinuous DRX (DDRX) where the new grains nucleated 
along the boundaries as a result of bulging of pre-existing HAGBs [41, 42] and leading to the 
formation of a “necklace-like” grain structure. Bulging of the grain boundaries is caused by the 
increase of the number of dislocations (as a result of deformation) and dislocation accumulation 
at the grain boundaries [43]. Formation of new grains by DRX leads to dislocation annihilation 
and reduction of stored energy. Since DRX is a dynamic process, the formation of new grains 
requires continuous motion and generation of dislocations to reach the critical point of grain 
boundary bulging. However, the dislocations inside the unrecrystallized grains were pinned by 
the nano-precipitates, as shown by the red arrows in Figure 12. As a result of such a pinning 
effect, the dislocations were not able to move further and new dislocations were not generated. 
Pinning of dislocations by the precipitates led to evolution of a substructure [30] (LAGBs, as 
seen in Figure 5(a) and Figure 6(b)) and suppression of DRX inside the unrecrystallized grains. 
Therefore by continuing the hot compression, deformation of the material concentrated inside the 
DRXed grains, which resulted in a higher density of dislocations inside these grains. As a result, 





Fig 13- Schematic illustration of the microstructural evolution during hot compression of CH-
ZK60 alloy.  
 
Conclusions 
In the current study, hot deformation of a cast-homogenized ZK60 alloy was studied at 
450°C/0.001s
-1
 to identify the mechanism of evolution of the bimodal grain structure. The 
material was characterized by SEM, EBSD and TEM to obtain a comprehensive understanding 
on the mechanism of grain structure development. It was observed that homogenization of as-
cast ZK60 alloy at 400°C/4h led to partial dissolution of MgZn2 precipitates, while Zn2Zr 
intermetallics presented as nano-precipitates in the microstructure of the alloy. Hot deformation 
of the alloy resulted in the formation of a bimodal grain microstructure consisting of large 
pancaked unrecrystallized dendrites surrounded by recrystallized equiaxed fine grains. TEM 
24 
 
observations of the deformed microstructure revealed that the dislocations inside the 
unrecrystallized grains were pinned by the nano-(Zn-Zr)-precipitates. As a result, the dislocation 
motion inside the grains was hindered and DRX was suppressed. Therefore by continuing the hot 
compression, deformation of the material concentrated inside the DRXed grains. Such a 
heterogeneous deformation was confirmed by the dislocation density inside the recrystallized 
and unrecrystallized grains. The dislocation density was observed to be about three times higher 
in the former than in the latter. As a result of such a mechanism, hot deformation of CH-ZK60 
led to the evolution of a bimodal grain structure. 
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